ABSTRACT
INTRODUCTION
Sertoli cells create the blood-testis barrier and help form the seminiferous epithelium by providing the cytoarchitectural support and microenvironment necessary for the developing germ cells. Throughout spermatogenesis, the developing germ cells are in close association with enveloping Sertoli cell plasma membranes. Three-dimensional reconstructions have shown that one rat Sertoli cell can be in contact with 47 adjacent germ cells over the course of development [1 ] .
The surface components responsible for the recognition and adhesion between Sertoli cells and germ cells are not well understood. A pachytene spermatocyte nonintegral membrane protein has been implicated in spermatocyte adhesion to Sertoli cells [2] . Research in our laboratory has focused on the identification of a Sertoli cell surface polypeptide, termed Sertoli cell-germ cell adhesion molecule (SGAM), that is involved in germ cell-Sertoli cell adhesion [3] . After identification of this polypeptide, Newton et al. [4] also showed that an antibody specific for the cell adhesion recognition domain (HAV triplet of amino acids histidine, alanine, and valine) of N-cadherin inhibits spermatid and spermatocyte adhesion to Sertoli cells.
It is also likely that other adhesion molecules are operating in the seminiferous epithelium. Recent studies have shown that 31,4-galactosyltransferase (GalTase) inhibits the initial adhesion of spermatocytes to Sertoli cell monolayers [5] . Substantial data from our laboratory have demonstrated that a family of cell surface fucosyltransferases (Fls) is associated with the cells of the seminiferous epithelium [6] . Here, we have studied the role of cell surface FTs and their carbohydrate ligands in modulating Sertoli cell-germ cell adhesion specifically by testing the effect of individual ot-FT-L-fucose acceptors in an in vitro cell-cell binding assay.
An in vitro cell-cell adhesion assay was developed previously [7] , allowing quantification of spermatogenic cell binding to a Sertoli cell monolayer using fluorescein diacetate (FDA)-labeled germ cells. However, this assay was relatively labor intensive, and discriminating subclasses of germ cells within a mixed population was difficult using this procedure. Based on this initial assay protocol, a laser scanning cytometry method for the in vitro quantitation of fluorescently labeled germ cells was developed to allow analysis of multiple subpopulations of germ cells within a mixture of spermatogenic cells [8] .
In a further refinement of this method, we have now used calcein-acetoxymethyl ester (calcein-AM) instead of FDA since FDA is poorly retained by cells in vitro [9] . Calcein-AM, on the other hand, is well retained by the cells and is not very sensitive to changes in pH. To our knowledge, this is the first application of this fluorescent indicator to analyze cell-cell adhesion in the seminiferous epithelium of rat testis.
It was originally suggested that surface glycosyltransferases are functional in cell-cell adhesion by binding to their oligosaccharide substrates on adjacent cell surfaces [10] . Subsequent demonstrations of such function (reviewed in [11] ) include adhesion between embryonal carcinoma cells, between blastomeres of mouse morulae [12] , and between uterine epithelial cells [13] . The involvement of GalTase in initial cell-cell adhesion events has been observed between spermatocytes and Sertoli cells [5] , and also in sperm-egg binding [14] . FT-dependent cell-cell adhesions are reminiscent of those already discussed that rely upon carbohydratebased recognition systems. Some members of the FT family have been reported to modulate selectin-based adhesion during embryo implantation [15] . In this paper, we report that multiple FTs and their carbohydrate ligands are involved in germ cell-Sertoli cell adhesion.
MATERIALS AND METHODS

Materials
Type I collagenase, BSA fraction V, type III trypsin, Dulbecco Modified Eagle's medium nutrient mixture F-12 Ham (DME/F-12), grade VI pancreatin, type I asialofetuin, phenyl-3-D-galactoside (Ph-P-D-Gal), 2'-fucosyllactose (2'-FL), cellobiose, melibiose, and Oc-D-mannopyranose were purchased from Sigma Chemical Company (St. Louis, MO). Lacto-N-fucopentaose I (LNF I), Lewis-X, and 3'-sialyl-Lewis-X were purchased from Oxford GlycoSystems (Rosedale, NY). Fetal bovine serum (FBS) was obtained from Irvine Scientific (Santa Ana, CA). Calcein-AM was purchased from Molecular Probes (Eugene, OR). All other chemicals used were obtained commercially from standard sources and were of the highest purity available.
Cell Isolation and Culture
Sertoli cells. Sertoli cells were isolated from 19-to 21-day-old CD Albino rats (Harlan Sprague-Dawley, Indianapolis, IN) by a modification of procedures outlined previously [16] , as described elsewhere [3] . Briefly, testes were aseptically removed, decapsulated, and minced into 1-mm segments. The chopped tubules were suspended in a Ca 2+ - and Mg 2 +-free PBS, pH 7.4 (dissociation buffer), and washed three times at unit gravity. The tubules were digested in 20 ml of dissociation buffer containing 4 mg collagenase for approximately 60 min. The aggregates thus formed were removed, and the remaining tubules were washed three times in dissociation buffer. The tubules were resuspended in 20 ml dissociation buffer containing 2 mg pancreatin and incubated for about 15-20 min or until one or two aggregates were formed. After the aggregates were discarded, the remaining supernatant was washed at least three times by low-speed centrifugation (3 min at 60 x g). The resultant cell fractions were cultured in DME/F-12 containing 5% FBS and antibiotics (final concentrations: gentamicin sulfate, 1 jig/ml; penicillin, 2 U/ml; streptomycin sulfate, 2 iLg/ml; amphotericin B, 5 ng/ml). Sertoli cells were plated in 35-mm-diameter culture dishes (Falcon Plastics, Lincoln Park, NJ) at approximately 2 X 106 cells per dish and then incubated at 33°C in a humidified incubator in an atmosphere of 95% air:5% CO 2 . After 24 h, media from all dishes were removed and discarded. Subsequently, culture media were changed every 2 days and the cultures were maintained for a total of 6 days. On Day 3 of culture, contaminating germ cells were lysed with a hypotonic solution of 20 mM Tris-HCl (pH 7.4) for 5 min as described previously [17] . To check for possible Leydig cell and peritubular cell contaminations in Sertoli cell preparations, Sertoli cell cultures were occasionally stained histochemically for 3-P-hydroxysteroid dehydrogenase [16] and alkaline phosphatase [18] , respectively. Sertoli cell cultures were virtually negative for Leydig cell contamination and were more than 95% free of peritubular cells. Sertoli cell viability on Day 6 of culture was greater than 95% as assessed by trypan blue exclusion.
Spermatogenic cells. Spermatogenic cells were prepared from adult CD Albino rats as described by Bellve et al. [19, 20] . Mixed spermatogenic cells were cultured overnight at 33°C in 95% air:5% CO 2 [21] . Cells were cultured in DME/F-12 supplemented with 10% FBS, 6 mM L(+)lactic hemicalcium salt hydrate, 1 mM sodium pyruvate, and antibiotics (final concentrations: gentamicin sulfate, 1 jIg/ml; penicillin, 2 U/ml; streptomycin sulfate, 2 pjg/ml; and amphotericin B, 5 ng/ml). Cell viability as determined by the exclusion of trypan blue was greater than 95%.
In Vitro Spermatogenic Cell-Sertoli Cell Adhesion Assay
Spermatogenic cells were labeled with 10 ,uM calcein-AM [22, 23] at 33 0 C for 30 min; they were then washed with PBS and centrifuged at 60 X g three times to remove unbound dye. Spermatogenic cells (8 x 106 cells) were resuspended in PBS to a volume of 2 ml and added to individual 35-mm dishes containing confluent Sertoli cells. This number of cells effectively saturates the Sertoli cell monolayer [7] . Samples were incubated on a slowly rotated shaker for 90 min at room temperature in the dark. After incubation, each dish was washed with PBS three times to remove unbound spermatogenic cells. Finally, monolayers and bound spermatogenic cells were covered with 2 ml PBS and assayed by scanning laser cytometry. For inhibition experiments, 12.5, 25, and 50 mM low molecular weight acceptors in PBS were added simultaneously with labeled spermatogenic cells.
Scanning Laser Cytometry
The adherent cell analysis and sorting (ACAS) 570 interactive laser cytometer (Meridian Instruments, Okemos, MI) was used to quantify cell-cell adhesions with methods previously described [3, 8] . Cells were excited using the 488-nm wavelength from a 5-W tunable argon laser. Emitted fluorescence was detected at a wave length of 560 nm and digitized using a computer-controlled x/y-scanning stage. Normal binding assays were performed at a step size of 5 mm and a scan speed of 5 mm/sec. Five fields were scanned from each dish. The images were stored as 8-bit binary data files on disk and subsequently analyzed.
Data Analysis
The number of specific cell types included in the mixed populations of germ cells was obtained by using the cytometer to discriminate within the 50-500-m 2 range of cell size. Pachytene spermatocytes (225-500 ipm 2 ), round spermatids (100-225 jim 2 ), and residual bodies (50-100 pim 2 ) are readily quantified by this procedure. Data in duplicate from at least three separate experiments were collected. Analysis of variance was conducted using the Statistical Analysis Systems statistical package [24] , and where significant, individual means were compared by Tukey's studentized range (HSD) test at 95% confidence level. Figure 1 illustrates representative scans for the collection of data from various treatment groups. Calcein-labeled spermatogenic cells were scanned in the presence of unlabeled Sertoli cell monolayers. After scanning, we eliminated unstained background and weakly stained noncellular debris by thresholding, cutting, border elimination, and range elimination commands available in the software. The calcein-AM-labeled mixed population of germ cells ranging from 50 to 500 jim 2 (pachytene spermatocytes, 225-500 Pim 2 ; round spermatids, 100-225 jIm 2 ; residual bodies 50-100 jim 2 ) are identified according to our previously published methods [3] . Incubation with 2'-FL (Fig. lb) , GDPfucose (Fig. lc) , and Lewis-X oligosaccharide (Fig. d) significantly inhibited germ cell binding to Sertoli cell monolayers when compared to that in untreated controls (Fig. I a) . Multiple scans such as those shown in Figure 1 were used for the final quantification of germ cell-Sertoli cell binding. showed that all five acceptors inhibited adherence of residual bodies, round spermatids, and pachytene spermatocytes to Sertoli cell monolayers (p < 0.05). In the untreated control groups, a significantly higher number of residual bodies were bound to Sertoli cell monolayers than either round spermatids or pachytene spermatocytes (p < 0.05).
RESULTS
Using the same assay protocol, we then examined the number of calcein-AM-labeled mixed germ cells adherent to Sertoli cell monolayers incubated separately in the absence (control) or presence of GDP-fucose and Lewis-X and 3'-sialyl-Lewis-X oligosaccharides as low molecular weight acceptors (Fig. 4) . We included Lewis-X and 3'-sialyl-Lewis-X oligosaccharides in this set of experiments since members of the selectin family of cell adhesion molecules recognize both of these carbohydrate ligands. The results again demonstrated significant decreases (p < 0.05) in the number of germ cells bound to Sertoli cell monolayers by these carbohydrate epitopes (the Lewis-X or 3'-sialyl-Lewis-X oligosaccharides) and by GDP-fucose when compared to values in untreated controls (p < 0.05).
To determine whether this reduction of germ cell binding to Sertoli cells in the presence of the various low molecular weight FT inhibitors was specific, we conducted additional studies of cell-cell binding in the presence of sugars known to be inactive in affecting FT activity. Table 1 demonstrates the results of such specificity experiments. The non-FT-related sugars cellobiose, melibiose, and aO-D-mannopyranose (a-D-Man) did not result in any significant inhibition in germ cell binding to the Sertoli cell monolayers. In the companion positive control inhibition studies (Table 1) , GDP-fucose inhibited germ cell adherence to Sertoli cell monolayers (p < 0.05), in good agreement with our previous findings.
DISCUSSION
The functional cell-cell binding assay used in the present study for the in vitro quantification of calcein-labeled germ cell adherence to Sertoli cell monolayers is an improvement over the methods previously published [3, 7, 8] . The method is fast, and it allows a manifold increase in the number of samples to be assayed in each experiment since coverslip mounting on the slides is not required. Assays are performed on Petri dishes, and only several washing steps are involved. Calcein-AM is an acetoxymethyl ester-derivative fluorescent indicator that is highly lipid soluble and cell membrane permeable [22, 23] . The ubiquitous esterase enzymes in cells cleave the acetoxymethyl group and transform the dye to a hydrophilic and intensively fluorescent free acid form [25] , producing a high concentration of fluorescently active calcein throughout the cell [26] . Calcein-AM is frequently used as a cell viability probe since dead cells with compromised membranes do not retain the dye [9] . The fluorescence excitation and emission spectra of calcein are 496 and 517 nm, respectively, making the dye suitable for both fluorescence/flow cytometric and laser scanning cytometric applications. Thus, the use of calcein-AM provides a rapid, quantitatively reliable method for the analysis of Sertoli cell-germ cell adhesion in the mammalian testis.
The results presented here suggest that the spermatogenic cell adhesion to Sertoli cells is mediated, at least in part, by multiple FTs or their ligands. On the basis of our recent findings on FT specificity using highly purified plasma membranes from germ cells [6] and from Sertoli cells [27] , it is now evident that multiple FTs may act as recognition sites between germ cells and Sertoli cells. A role for cell surface FT enzymes in cell-cell adhesion is not without precedent. Previously it was reported that cell surface FT can mediate adhesion of embryonic skin fibroblasts to substrates [28] and that FT is involved in the development of cell-cell adhesion during synaptogenesis of neurons in culture [29] . Studies also show that GalTase can function as a cell adhesion molecule. For example, GalTase mediates cell-cell adhesion between ectoplacental cone cells surrounding the implanting embryo by binding to complex lactosaminoglycan substrates on adjacent cell surfaces [30] . Consistent with this result, GalTase has also been shown to facilitate adhesion between primary spermatocytes and ad- jacent Sertoli cells [5] . However, after meiosis, surface GalTase relocalizes to its final location on the anterior aspect of the sperm head, where it mediates sperm binding to egg coat oligosaccharides [31] .
Cooperative interactions between a variety of cell adhesion molecules are also possible. It is clear that multiple molecules often operate to modulate individual cell-cell adhesions and that the primary role of "adhesive molecules" as assessed in vitro is often unknown [32] . Recent data implicate a number of cell adhesion molecules, such as lectins, N-cadherin, and SGAMs [3, 4, 33] , in testicular development and spermatogenesis. In this context, it should be stressed that the galactosyl receptor, a selectin-like homologue to minor hepatic lectin [34] , and galactosyltransferase [31, 35] have been identified on the surfaces of germ cells and Sertoli cells. These molecules are localized to the dorsal aspect of the spermatid head overlying the acrosome, suggesting a possible role of these adhesion molecules in sperm-egg binding at fertilization.
There is indirect evidence that the initial human spermegg binding may be mediated by a selectin-like mechanism [36] . The carbohydrate sequences recognized by the lectinlike domains of selectin molecules have been determined to be sialylated or sulfated derivatives of either Lewis-X or Lewis-a antigens [37, 38] . Results from our study revealed that Lewis-X or 3'-sialyl-Lewis-X oligosaccharides resulted in over 50% inhibition of germ cell binding as compared that in the controls. We demonstrated earlier that o(1-3)-FT levels in spermatogenic cells are relatively high [6] . It is also known that a specific a(1-3)-FT regulates cell adhesion to E-selectin (endothelial-leukocyte adhesion molecule-i) by modulating cell surface expression of a(l-3)-fucosylated lactosaminoglycans represented by the sialylLewis-X oligosaccharides [37] . Therefore, a major ligand for E-selectin is sialyl-Lewis-X. Since x(Il-3)-FT molecules are implicated in the synthesis of Lewis-X-related antigen structures [39, 40] , our analysis of the cell adhesion events between Sertoli cells and germ cells may suggest operational selectin-like activity in the seminiferous epithelium.
In addition, our results demonstrate that there are more spermatids than spermatocytes adherent to Sertoli cells. This finding may be explained by the fact that ectoplasmic specializations are associated with junctions between elongating spermatids and Sertoli cells in vivo [41, 42] . Although we have not attempted to reproduce the junctions associated with spermatids and Sertoli cells in vitro, it is quite possible that the physiological relevance of the event is underscored by the fact that the adhesion between the surface of the developing spermatids and the plasma membranes of the closely enveloping Sertoli cells is specific and is mediated by the ex-FTs. Furthermore, cell surface ot-FT activity associated with round spermatids is much higher than that detected in association with pachytene spermatocytes [6] . This increased surface FT activity could result in a more stable adhesion of the spermatid to the Sertoli cell surface. However, pachytene spermatocytes and round spermatids have both been shown to be capable of synthesizing plasma membrane proteins in vitro [21] . Consistent with this hypothesis, the expression of FT activity on the immature Sertoli cell surface is proportionately less than that of ecto-FT on the surface membranes of developing spermatogenic cells [6, 43, 44] . These Sertoli cells from 20-dayold testes have not yet been exposed to either round spermatids or residual bodies. It is possible, therefore, that surface molecules (including FTs) recognizing round spermatid surface or residual body surface components are not available at maximal levels on immature Sertoli cells. A situation closer to in vivo conditions might have been achieved if a procedure for isolating a reproducibly pure population of adult Sertoli cells were available. It is also not out of place to mention that spermatogenic cells adhere preferentially to Sertoli cells and that this makes the current study very reasonable. It has been reported that round spermatids or pachytene spermatocytes showed little affinity for 3T3 cells [7] and for COS1 cells [45] . Further analysis of the regulation of FT expression as a function of Sertoli cell development is required since expression of surface molecules may change with the age of animals.
In conclusion, we have presented an improved method for studying Sertoli cell-germ cell adhesion. Because of its higher retention, calcein-AM is more suitable for use than the FDA previously employed for ACAS 570 interactive laser cytometer analysis. More importantly, we have demonstrated that inhibition of FT activity by sugars known to be competitive inhibitors of enzyme activity yields significantly lowered numbers of adherent germ cells. Control experiments have demonstrated that such inhibition is specific. This is the first demonstration of involvement of multiple FTs and their carbohydrate ligands in modulating local Sertoli cell-germ cell adhesion in vitro.
